In Brief CCR1, CCR2, CCR3, and CCR5 (iCCRs) are dominant regulators of myelomonocytic cell recruitment in inflammatory disease. Here, Dyer et al. have deleted the genomic locus incorporating the iCCRs in mice and demonstrate redundancy of iCCR involvement in establishing tissueresident myelomonocytic cell populations yet specificity of iCCR use in acute inflammation.
INTRODUCTION
Leukocyte migration is regulated by chemokines (Rot and von Andrian, 2004) , which are characterized by conserved cysteine motifs and which exert their effects by binding to 7-transmembrane-spanning receptors (Bachelerie et al., 2014a) . Chemokines and their receptors are broadly defined as being inflammatory or homeostatic according to the contexts in which they function (Mantovani, 1999; Zlotnik and Yoshie, 2000) , and their biology is further fine-tuned by stromally expressed atypical chemokine receptors (Bachelerie et al., 2014b; Nibbs and Graham, 2013) .
Chemokines and their receptors have emerged as prominent players and key therapeutic targets in a wide range of immune and inflammatory disorders (Griffith et al., 2014; Proudfoot, 2002; Viola and Luster, 2008) . However, despite extensive research, no antagonists of inflammatory chemokine receptors have been licensed for use in inflammatory diseases (Bachelerie et al., 2014a; Schall and Proudfoot, 2011) , and this is partly due to the complexity of inflammatory chemokine and chemokine receptor biology and biochemistry. For example, inflammatory chemokine receptors display promiscuous ligand binding (Bachelerie et al., 2014a) , and the chemokines in turn bind to multiple different chemokine receptors. It is unclear to what extent this represents biological redundancy (Mantovani, 1999) or whether there are discrete signals triggered by different chemokines through individual chemokine receptors, and this remains a controversial area (Schall and Proudfoot, 2011; Steen et al., 2014) . Further complicating our understanding of the chemokine-driven inflammatory response is the fact that individual leukocyte subsets appear to simultaneously express multiple inflammatory chemokine receptors (Haringman et al., 2006; Tacke et al., 2007; Weber et al., 2000) . It is therefore currently not possible to say with any degree of certainty which chemokine receptors monocytes, for example, would use to migrate to an inflammatory site.
We have been studying four of the inflammatory chemokine receptors: Ccr1, Ccr2, Ccr3, and Ccr5 (henceforth referred to as iCcrs). Evolutionarily, Ccr2 is the oldest of these four receptors (Nomiyama et al., 2011) . From it, the others have emerged through gene duplication to occupy a discrete and tight chromosomal locus (170 kb) on mouse chromosome 9 (human chromosome 3). Together, the iCcrs are responsible for myelomonocytic cell recruitment to inflamed sites (Shi and Pamer, 2011) . However, the combinatorial, and in some cases the individual, roles for these receptors in leukocyte recruitment are currently unclear, and this is an issue of controversy and confusion within the field (Gautier et al., 2009; Sandblad et al., 2015; Soehnlein et al., 2013; Tacke et al., 2007; Weber et al., 2000) . Overall, we lack an integrated understanding of how these four receptors regulate myelomonocytic cell recruitment during inflammation. The issue of redundancy versus specificity of inflammatory chemokine receptor function also remains unresolved for the iCcrs (Mantovani, 1999; Schall and Proudfoot, 2011) . A further hindrance to studies in this area is the close genomic association of the genes encoding the iCcrs. Therefore, generating compound-receptor-deficient mice to examine combinatorial receptor function has been impractical.
Here, we have deleted the entire iCcr locus (iCCR-deficient mice) and have examined the recruitment of leukocytes to both resting and acutely inflamed sites between these mice and both wild-type (WT) and single-receptor-deficient mice. The iCCR-deficient mice are viable and healthy but display profound defects in inflammatory leukocyte recruitment. Our results provide evidence for both redundancy and specificity in the function of the iCcrs and highlight the primacy of Ccr2 as a recruiter of monocytic cells to acutely inflamed sites.
RESULTS

Deletion of the iCcr Locus Is Not Associated with Developmental Abnormalities
The iCcrs are contained within a 170 kb genomic locus situated at the telomeric end of mouse chromosome 9 ( Figure S1A ). This is a ''pristine'' locus, and it contains no other genes (with the exception of a poorly characterized and weakly conserved putative chemokine receptor, Ccr1l1 [Nomiyama et al., 2011] , which is absent from the human genome), thus ensuring that excision of this locus affects only the iCcrs. We deleted the locus by inserting LoxP sites at its 5 0 and 3 0 extremes and inducing Cre-mediated excision in embryonic stem (ES) cells ( Figure S1A ). Heterozygous mice were generated from these ES cells and bred to homozygosity. Homozygous mice were born at the expected Mendelian frequency from heterozygote crosses ( Figure S1B ) and were healthy and fertile. Deletion of the four chemokine receptors was further confirmed by PCR analysis of expression in peripheral-blood leukocytes of heterozygous offspring, which revealed 50% of WT expression of Ccr1, Ccr2, Ccr3, and Ccr5 but unaltered expression of Cxcr2, which sits outside the targeted locus ( Figure S1C ). T cells from iCCR-deficient mice displayed identical responses to WT cells after Cxcl10 treatment ( Figure S1D ), and monocyte-derived macrophages responded identically to Cx3cL1 treatment (data not shown), indicating that multi-receptor deletion does not alter responses through other non-deleted chemokine receptors. iCCR-deficient embryos appeared grossly normal ( Figure S1E ), and no differences were noted in numbers of fetal liver monocytes (Figures S1Fi and S1Fii) or cKit + hematopoietic progenitor cells (Figures S1Gi and S1Gii).
Thus, the iCcrs are not essential for development or postnatal survival, and deletion of the locus is not associated with any gross developmental abnormalities.
iCCR-Deficient Blood Displays Ccr2-like Monocytopenia Analysis of peripheral-blood leukocytes demonstrated a marked reduction in the numbers of circulating Ly6C hi CD11b + monocytic cells in resting iCCR-deficient mice compared with WT mice (Figure 1Ai ) but no alteration in numbers of cells from any other tested hematopoietic lineages ( Figure S3A ). Quantification of the reduction in monocytic cell numbers in iCCR-deficient blood demonstrated that this reduction was specifically for Ly6C hi inflammatory monocytes (60% reduction; Figure 1Aii and Figure S3A ), and no significant differences were detected in the numbers of circulating Ly6C lo cells (Table   S1 and Figure S3A ). As previously reported (Serbina and Pamer, 2006; Tsou et al., 2007) , CCR2-deficient mice displayed an identical reduction in circulating Ly6C hi monocyte numbers (Figures 1Ai and 1Aii ), indicating that, in terms of peripheral-blood leukocyte content, iCCR-deficient mice essentially phenocopied CCR2-deficient mice. There was a modest reduction in Ly6C hi monocyte numbers in the blood of CCR1-deficient mice (Table S1 ), which reflected the reported reduction in hematopoietic progenitor cell numbers in CCR1-deficient peripheral blood (Gao et al., 1997) . However, the relevance of this is unclear because there was no further reduction in Ly6C hi monocyte numbers in the blood of iCCRdeficient, compared with CCR2-deficient, mice. No significant differences in circulating monocyte numbers (or indeed in numbers of any other tested circulating hematopoietic lineages) were seen in CCR3-deficient or CCR5-deficient mice (Table S1 ). Thus, our data demonstrate that monocyte egress from bone marrow to the resting circulation is fully and nonredundantly dependent on Ccr2.
In contrast to previous studies of CCR2-deficient mice (Serbina and Pamer, 2006; Tsou et al., 2007) , we failed to detect any corresponding increase in CD11b + Ly6C hi cell numbers in either iCCR-deficient or CCR2-deficient bone marrow ( Figures  1Bi and 1Bii ). In addition, no differences were detected in any other tested hematopoietic lineages in the bone marrow from iCCR-deficient mice ( Figure S3B ), and no differences were detected in any of the other single-receptor-deficient mice (data not shown). Analysis of the spleen (Figure 1Ci ) revealed a selective reduction in numbers of both Ly6C hi and Ly6C lo monocytes in iCCR-deficient mice (Figures 1Cii and 1Ciii) , which again phenocopied CCR2-deficient mice. A modest but significant decrease in splenic Ly6C hi monocyte numbers was seen in CCR1-deficient mice (Figure 1) , and, in this case, a reduction was also seen in CCR5-deficient mice (Table S1 ). Again, there was no apparent redundancy at play here because the extent of impairment of Ly6C hi monocyte recruitment to the spleen was the same in iCCR-deficient and CCR2-deficient mice. No differences in monocytic recruitment were noted in CCR3-deficient mice (Table S1 ). With the exception of a significant increase in eosinophils (which, as reported previously [Humbles et al., 2002] , is also seen in CCR3-deficient spleens; Figure 1Civ ), no other hematopoietic lineages were altered in the iCCR-deficient spleens (data not shown) or in the spleens of other receptor-deficient mice studied. Luminex analysis ( Figure 1D ) of WT and iCCR-deficient plasma revealed significantly higher concentrations of Ccl5 (Ccr1, Ccrl3, and Ccrl5 ligands), Ccl7 (Ccl1, Ccl2, Ccl3, and Ccl5 ligands), and Ccl11 (Ccr3 ligand) in iCCR-deficient mice than in WT mice, suggesting that in WT mice, these chemokines are actively scavenged at rest by their cognate receptors, which indicates that these receptors are functional in resting cell recruitment. This suggests that Ccl11 plays a prominent role in basal eosinophil migration into resting tissues (Figure 2) . Furthermore, the specific increase in Ccl7 concentrations indicated that it is likely to be the primary Ccr2 ligand involved in monocyte egress from the bone marrow and entry into resting peripheral tissues. This finding is in agreement with previous studies (Bardina et al., 2015; Tsou et al., 2007) that demonstrated a crucial functional role for Ccl7 in monocyte egress from bone marrow. The elevated concentrations of Ccl5 are also compatible with a role for Ccr1 in contributing to the efficiency of bone marrow egress of monocytic cells. The issue of chemokine use by resting tissues is also addressed in the Discussion.
Thus, iCCR-deficient peripheral blood is characterized by a substantial reduction in Ly6C hi monocyte numbers and essentially recapitulates the circulatory phenotype observed in CCR2-deficient mice. We conclude that Ly6C hi monocyte egress from bone marrow is fully and non-redundantly dependent on Ccr2. Figure 2Aiv ). Further myelomonocytic cell subtyping revealed a marked reduction (70%) in the size of the Ly6C hi monocytic population in iCCR-deficient mice, whereas, no significant differences were seen in the Ly6C hi population in any of the single-receptor-deficient mice, including CCR2-deficient mice ( Figure 2Bi and Table S1 ). Notably, this analysis is powered to detect a 25% variation in iCCR-deficient cell numbers compared with WT numbers, and thus no single receptor can account for the substantial reduction in the Ly6C hi population observed in iCCRdeficient mice. These data therefore clearly indicate redundancy in receptor involvement in recruitment of Ly6C hi cells or their precursors to resting skin.
Reductions of 40%-60% were noted for Ly6C lo cells in both iCCR-deficient and CCR2-deficient mice (Figure 2Bii ), and although both genotypes displayed a reduction in dendritic cell numbers (Figure 2Biii ), this was significantly greater in iCCRdeficient mice (80% reduction). Finally, resident eosinophil numbers were reduced in iCCR-deficient skin closely phenocopying CCR3-deficient mice, although the reduction in CCR3-deficient mice was consistently more profound than that seen in iCCR-deficient mice (Figures 2Ci and 2Cii ). We detected , and (iii) dendritic cells (WT, n = 54; iCCR deficient, n = 15; CCR1 deficient, n = 12; CCR2 deficient, n = 22; CCR3 deficient, n = 15; CCR5 deficient, n = 15). (C) (i) Flow-cytometric assessment (eosinophils indicated by arrows) and (ii) quantification of eosinophil numbers (WT, n = 54; iCCR deficient, n = 15; CCR3 deficient, n = 15). (iii) Analysis of Ccr7 expression on splenic eosinophils from WT, CCR3-deficient, and iCCR-deficient mice. All numerical data in (Aii)-(Aiv), (B), (Cii), and (Ciii) are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant. Data in (A) are representative of at least three repeat experiments, and data in (B) and (C) are compiled from at least three independent experiments. In all cases, data were analyzed by oneway ANOVA on log-transformed data. Each data point represents a measurement from a single mouse. Please also see Figures S3, S6, and S7 and Table S1. higher expression of CCR7 on splenic eosinophils from CCR3-deficient and iCCR-deficient mice than on those from WT mice, and the increase was significantly greater in CCR3-deficient than in iCCR-deficient eosinophils ( Figure 2Ciii ). This suggests a possible mechanism for the more comprehensive depletion of eosinophils in the CCR3-deficient mice, i.e., that they are more competent for tissue egress. In contrast to iCCR-deficient, CCR2-deficient, and CCR3-deficient mice, CCR1-and CCR5-deficient mice displayed no reductions in the size of any of the measured leukocyte populations (Table S1 ). No differences were detected in any lymphoid subtype in iCCRdeficient resting skin ( Figure S4A ).
Overall, this analysis demonstrates clear redundancy in the involvement of the receptors within the iCcr locus in establishing the resting skin Ly6C hi population.
Receptor Involvement in Resting Leukocyte Recruitment Varies between Tissues
We performed a similar analysis of resident leukocytes in the lungs and (as shown in Figure 3Ai ) again observed significant reduction in total monocyte and macrophage numbers in both iCCR-deficient and CCR2-deficient resting mice. In-depth phenotyping revealed a strong depletion of Ly6C hi monocytes in both iCCR-deficient and CCR2-deficient mice ( Figure 3Aii ). A lesser, but significant, depletion was noted in CCR1-deficient mice, but no differences were seen in CCR3-deficient or CCR5-deficient mice (Table S1 ). No detectable changes were seen in Ly6C lo cells (apart from a slight reduction in CCR2-deficient mice, but not in iCCR-deficient mice), dendritic cells (Figures 3Aiii and 3Aiv and Table S1 ), or any of the other myelomonocytic cell populations examined. No differences were detected in alveolar macrophage numbers ( Figure 3Av and Table  S1 ). Finally, a profound depletion of eosinophils was seen in the iCCR-deficient lungs (Figures 3Bi and 3Bii ). In keeping with previous reports (Humbles et al., 2002; Pope et al., 2005) , we did not observe depletion of eosinophil numbers in CCR3-deficient lungs but did detect significant reductions in numbers in CCR1-deficient and CCR2-deficient lungs (Figures 3Bi and dendritic cells, and (v) alveolar macrophages (WT, n = 62; iCCR deficient, n = 20; CCR2 deficient, n = 16; CCR1 deficient, n = 10).
(B) Flow-cytometric (i) and quantitative (ii) analysis of eosinophil numbers in all mouse strains (WT, n = 52; iCCR deficient, n = 12; CCR2 deficient, n = 16; CCR1 deficient, n = 10; CCR3 deficient, n = 16; CCR5 deficient, n = 15). All numerical data in (A) and (Bii) are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. Data are compiled from at least three independent experiments. In all cases, data were analyzed by one-way ANOVA on logtransformed data. Each data point represents a measurement from a single mouse. Please also see Figures S3, S6, and S7 and Table S1 .
3Bii and Table S1 ). Again, no differences were noted in the size of any lymphocyte populations ( Figure S4B ) in iCCR-deficient mice, and no alterations in any of the other measured populations were detectable in CCR1-deficient or CCR5-deficient mice (Table S1) . Thus, resting iCCR-deficient tissues are characterized by comprehensive depletion of a range of myelomonocytic cell subtypes, which varies according to tissue type.
Resting Skin and Lung Display Differential Patterns of iCcr Ligand Use
The variability in receptor use apparent in our analysis of resting skin and lung could be explained by differential chemokine use in these tissues. Given that receptor function is associated with scavenging of cognate ligands (Cardona et al., 2008) , we reasoned that elevated concentrations of iCcr ligands in iCCR-deficient tissues would be indicative of cognate receptor involvement in leukocyte recruitment to these tissues. Using multiplexing analysis, we found that most chemokines were below limits of detection. However, as shown in Figure 4A , Ccl5, Ccl7, Ccl11, and Ccl12 (Ccr2 ligand) were detectable, and there was evidence of differential chemokine use between lung and skin. Specifically, and in agreement with a previous report (Galkina et al., 2005) , elevated concentrations of Ccl5 ( Figure 4Ai ) were detected in iCCR-deficient lung but not skin, suggesting that Ccl5-binding receptors are active in monocyte recruitment to resting WT lungs. In contrast, although Ccl7 concentrations were not different between WT and iCCR-deficient lungs (Figure 4Aii ), iCCR-deficient skin displayed significantly higher concentrations than WT skin. No differences were seen in Ccl11 concentrations (Figure 4Aiii ), but again, although no differences in Ccl12 concentrations were detected between WT and iCCR-deficient lungs (Figure 4Aiv ), iCCR-deficient skin displayed elevated concentrations. Importantly, these differences in chemokine concentrations were not reflected in differences in transcript amounts (Figure 4Bi ), confirming a role for receptor-scavenging rather than transcriptional induction in increased protein concentrations. In addition, all four iCcrs were detectable in skin and lung (data shown for skin in Figure 4Bii) , suggesting expression on tissue-resident leukocytes. Crucially, none of the chemokines tested displayed alterations at either the protein (Figures 4Ci and 4ii ) or transcript (data not shown) levels in the lung and skin of individual iCCR-deficient mice. This indicates that raised concentrations in iCCR-deficient tissues are not a consequence of single-receptor deficiency but of combinatorial receptor use in steady-state monocyte recruitment to resting tissues.
Overall, these data indicate differential chemokine use in resting skin and lung. Of particular note is that Ccl7 is known to bind to all of the iCcrs (Bachelerie et al., 2014a) , suggesting that its dominant use within the skin might account for the clear redundancy of receptor use in leukocyte recruitment to this tissue under resting conditions.
Specificity in Receptor Use Is Evident for Recruitment of Cells to Sites of Acute Inflammation
To study leukocyte recruitment in inflammation, we used the air-pouch model (Colville-Nash and Lawrence, 2003; Edwards et al., 1981) . This involved generating an air pouch in the mouse dorsum and injecting the inflammatory agent carrageenan into the air pouch. Subsequent sampling of the now inflamed air pouch (referred to simply as ''air pouch'' from now on) allowed precise analysis of recruited cells without the potentially confusing contribution from tissue-resident cells. 48 h after carrageenan introduction into the air pouch, the blood, bone marrow, and air-pouch contents were collected and analyzed for leukocyte content. Analysis of blood from iCCR-deficient and CCR2-deficient mice (Figure 5Ai ) demonstrated equivalent Ly6C hi monocytopenia (70%-80%) to that seen in resting mice. In contrast to the data from resting mice, Ly6C hi monocytes accumulated in the bone marrow of iCCR-deficient and CCR2-deficient mice (Figure 5Aii ) in this air-pouch model, indicating that they were expanded in number in response to the distant inflammation but were unable to efficiently leave the bone marrow because of the lack of Ccr2 expression. Again, no differences in blood or bone marrow cellularity were noted in any of the other single-receptor-deficient mice (Table S1 ), including, in this inflamed context, CCR1-deficient mice. This demonstrates that Ccr2 is also the sole iCcr contributing to monocyte mobilization from the bone marrow in inflammation.
We conducted a broad-based analysis of myelomonocytic cell populations in the air-pouch by using CD11c and MHCII staining (as above), which revealed no differences in the recruited popu- Table S1 .
lations in CCR1-or CCR5-deficient mice. However, although we noted reductions in all three key populations in CCR2-deficient mice, we observed a complete block in recruitment of all three populations in the iCCR-deficient mice (Figure 5Bi) . Quantification of total recruited monocyte and macrophage numbers confirmed these findings, demonstrating a 95% reduction in recruitment to the air pouch in CCR2-deficient mice but an absence of recruited monocytes and macrophages in iCCR-deficient air pouches (Figure 5Bii) . Further, more detailed flow-cytometric analysis revealed reduced numbers of both Ly6C hi and Ly6C lo cells in CCR2-deficient air-pouches but a complete absence of these cells in iCCR-deficient air pouches (Figure 5Ci ). This was confirmed by quantitative analyses, which revealed recruitment of approximately 2% Ly6C hi and 10% Ly6C lo , as well as 10% dendritic cell, numbers in CCR2-deficient air pouches, compared with WT air pouches. All three cellular populations were essentially absent from iCCR-deficient air pouches (Figures 5Cii-5Civ ). No differences in Ly6C hi , Ly6C lo , or dendritic cell numbers were noted for any of the other single-receptordeficient mice (Table S1 ). Figure S4C , we detected slightly higher concentrations of Ccl3, Ccl5, Ccl12, and Cx3cl1 in air-pouch fluid in CCR2-deficient mice, suggesting reduced scavenging by their cognate receptors (Ccr1, Ccr2, Ccr5, and Cx3cr1) on monocytic cells and demonstrating that lack of recruited myelomonocytic cells does not lead to a reduction in chemokine concentrations within the air pouch. In fact, we detected no reduction in the concentrations of any detectable chemokines in the CCR2-deficient air pouch, indicating that ''pioneering'' cells that enter the air pouch and express chemokines are not required for subsequent leukocyte recruitment. Together, these data indicate that Ccr2 is the dominant receptor not only for mobilization of Ly6C hi cells from the bone marrow to the blood but also for recruitment to peripheral acutely inflamed sites. Clearly, although useful for tissue sampling and analysis of leukocyte recruitment to inflamed sites in the absence of tissue-resident cells, the air-pouch model is artifactual given that the air pouch is not a physiological structure. Therefore, to complement these analyses, we also examined the response of WT, iCCR-deficient, and CCR2-deficient mice in models of intraperitoneal zymosan injection ( Figure 5D ) and pulmonary influenza A virus (IAV) infection ( Figure 5E ). The data revealed that, in both models, CCR2-deficient and iCCR-deficient mice again showed profound defects in myelomonocytic cell recruitment, and the block in recruitment was significantly greater in iCCR-deficient than in CCR2-deficient mice. This was shown for total monocytes and macrophages (Figure 5Di ), Ly6C hi cells (Figure 5Dii ) and Ly6C lo cells (Figure 5Diii ) for the peritoneal model, and for total monocytes and macrophages ( Figure 5E ) for the IAV model. Together, these data confirm that the observations made from the air-pouch model also hold for more physiologically relevant models of inflammatory disease. Strong eosinophil recruitment was seen in WT, CCR1-deficient, CCR2-deficient, and CCR5-deficient air pouches (Table  S1 ) but was essentially absent in iCCR-deficient and CCR3-deficient air pouches (Figures 6Ai and 6Aii) . Notably, whereas no differences in neutrophil recruitment were detected in CCR1-, CCR3-, or CCR5-deficient mice, iCCR-deficient and CCR2-deficient air pouches apparently contained a proportionately higher neutrophil content than equivalent WT air pouches (Figures 6Bi  and 6Bii) . Importantly, this increase was not seen when the data were expressed as absolute numbers of neutrophils (Figure 6Biii) , and this discrepancy was likely to be a consequence of a relative reduction in the size of other cellular populations in the iCCR-deficient and CCR2-deficient mice. Our data therefore provide no evidence of an active role for the iCcrs in regulating neutrophil recruitment in acute inflammation. Finally, no significant differences in recruitment of any detectable lymphoid lineage cells were noted in iCCR-deficient mice or in any of the single-receptor-deficient mice (Figures 6Ci-6Civ) . T helper 17 (Th17) cells were undetectable in the air-pouch model and in the lung tissues from mice undergoing IAV infection.
Overall, these data demonstrate that in this inflamed context, little if any redundancy of receptor use is apparent, and Ccr2 is the dominant, non-redundant contributor to myelomonocytic cell recruitment to the air pouch. Our data further demonstrate combinatorial receptor involvement in overall myelomonocytic cell recruitment to inflamed sites and exclusivity of Ccr3 involvement in eosinophil recruitment.
The Ccr2-Independent Population Recruited to the Air Pouch Is Distinct from the Bulk Myelomonocytic Cell Population Recruited in WT Mice The Figure 5 data showing residual Ly6C hi monocytic cell recruitment in CCR2-deficient air pouches suggest either that some classical Ly6C hi myelomonocytic cells display redundancy of receptor use or that this residual population represents a Ccr2-independent, phenotypically discrete cell type. To address this, we isolated Ly6C hi cells from the air pouch of WT and CCR2-deficient mice and compared their transcriptomic profiles, which indicated clearly ( Figure 7A ) that the residual recruited population in the CCR2-deficient air pouch was transcriptomically distinct from the bulk population recruited in WT mice. We observed 434 significantly differentially expressed genes, with 222 upregulated and 218 downregulated transcripts, between the two populations (Table S2 ). This residual population was characterized by high expression of Cd209a and increased expression of a range of transcripts involved in antigen presentation (Figure 7Bi) . It, however, lacked the core dendritic cell gene set defined by the Immgen project (Miller et al., 2012) and therefore appeared not to be classical dendritic cells. Notably, this cellular population was also characterized by a reduction in genes involved in mitosis (Figure 7Bii ) and therefore appeared to be post-mitotic. The generated transcriptomic data, particularly with respect to genes involved in antigen presentation, bore striking resemblance to those associated with a dendritic-cell-like sub-population of monocytes detected within the blood (cluster 3 genes in Menezes et al., 2016) . Our data differ with respect to the presence of transcripts indicative of a post-mitotic state, suggesting that this monocyte-dendritic-cell population is rapidly terminally differentiated upon entering the air pouch. This population of cells is reported to be substantially dependent on Ccr2 for mobilization from bone marrow to peripheral blood.
The transcriptomic data further indicated that the residual population in CCR2-deficient air pouches was characterized by elevated expression of Ccr1 and Ccr3 (Figure 7Biii) . Notably, multiplex analysis of chemokine concentrations in air-pouch fluid revealed increased amounts of Ccl3 and Ccl5 ( Figure 7C ), further suggesting potential involvement of either Ccr1 or Ccr5 in recruitment of these cells. We examined this option by using single-receptor-deficient mice and pharmacological blockers of Ccr1. Our data clearly indicate, in agreement with the study mentioned above (Menezes et al., 2016) , that this CD209a + population is strictly dependent on Ccr2 for effective egress from bone marrow (Figure 7Di ). In terms of recruitment to the air pouch, again our data indicate a complete block to recruitment of these cells in iCCR-deficient mice but also a strong reduction in CCR2-deficient mice. This potentially indicates that the CD209a + population is heterogeneous such that one subset is dependent on Ccr2 for recruitment to acutely inflamed sites and one is independent of Ccr2. Notably, no other single-receptor deletion had any effect despite the apparent reduction in recruitment observed in CCR5-deficient mice, which did not reach statistical significance. Furthermore, a pharmacological blocker of Ccr1 had no effect on recruitment of the CD209a + population to air pouches in WT mice (data not shown). Overall, these data suggest a dominant role for Ccr2 in bone marrow egress and, potentially, recruitment to the air pouch of this cellular population but also a residual role for the other iCcrs, perhaps in a redundant fashion, in recruitment to the air pouch.
Overall, this transcriptomic analysis demonstrates that the cells recruited to the air pouch in CCR2-deficient mice are distinct from Table S1 .
the bulk myelomonocytic cell population. Together, these data provide further evidence for the lack of redundancy in chemokine receptor involvement in inflammatory cell recruitment to air pouches and suggest combinatorial roles of the individual receptors in recruitment of the full complement of leukocyte subsets to acutely inflamed areas. Overall, our data indicate that iCcr involvement in acute inflammation might be more precise and selective than previously thought.
DISCUSSION
There has been confusion and controversy regarding the roles for the iCcrs in the regulation of myelomonocytic cell recruitment to inflamed sites (Mantovani, 1999; Schall and Proudfoot, 2011) . With a view to defining the individual and combined roles for the iCcrs in inflammatory cell recruitment, we generated mice in which the entire iCcr locus had been deleted. Analysis of these mice, in comparison with single receptor-deficient mice, revealed evidence of apparent ''redundancy'' in recruitment of Ly6C hi myelomonocytic cells to resting skin. None of the individual iCCR-deficient mice compared with WT mice displayed significant alterations in the numbers of these cells. However, the cells were severely depleted (70% depletion) in iCCR-deficient mouse skin. Quite how this apparent ''redundancy'' was manifest is not clear. It is possible that individual leukocyte subtypes simultaneously express multiple chemokine receptors, although, as noted below, Ccr2 is clearly the dominant receptor on circulating monocytes. This might also be a stochastic process with sporadic expression of individual receptors at different time points supporting redundant patterning of the resting cell population over time. One other interesting feature of this resting tissue analysis is that, despite a profound monocytopenia in CCR2-deficient mice, there was no statistical difference in the numbers of Ly6C hi cells in resting skin between these mice and WT mice. This suggests that the low number of recruited cells proliferate in situ to generate the full cellular complement (Hashimoto et al., 2013) . It might also be, therefore, that this apparent redundancy is more related to recruitment of low numbers of cells expressing individual iCcrs than to recruitment of cells expressing combinations of Ccrs, which then expand in number after recruitment to resting tissues. Although this is not redundancy per se, it would have the overall effect of similarly helping to establish the resting tissue monocyte population. It is also notable that different tissues appear to utilize different iCcrs and chemokines to establish resting leukocyte popula- All numerical data in (C) and (D) are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant. Please also see Figure S4 and Tables S1 and S2. tions. In contrast to the skin, the spleen was fully dependent on Ccr2 for establishment of its monocyte-derived cellular populations, whereas the lung showed a combined involvement of Ccr1 and Ccr2 in Ly6C hi monocytic cell recruitment. The relatively high concentrations of Ccl7 detected in resting iCCR-deficient skin suggested that it is a dominant recruiter of myelomonocytic cells in this context, and its ability to bind to Ccr1, Ccr2, Ccr3, and Ccr5 could account for the observed redundancy of receptor use in this tissue. Given that increased Ccl7 concentrations are likely to be a consequence of a lack of scavenging through cognate receptor interactions in the iCCR-deficient tissues, the fact that concentrations of this chemokine were not altered in any of the single-receptordeficient mice suggests that no individual receptor is dominant in its use in steady-state monocytic cell recruitment.
Despite the profound impact on myelomonocytic cell recruitment, our data provide no evidence to support a role for any of the iCcrs in T cell recruitment to resting tissues. Therefore, in terms of populating resting tissues with leukocytes, receptors within the iCcr locus appear to be exclusively involved in myelomonocytic cell and eosinophil recruitment, and there is clear evidence of a redundancy of receptor involvement in establishing skin-resident myelomonocytic cell populations.
Our data are also supported by an in silico analysis of iCcr expression in individual leukocyte subsets. In our experience, many anti-murine chemokine receptor antibodies are of poor quality and do not give reliable and specific staining. However, we have mined the Immgen database (http://www.immgen. org), and it is clear that monocytic cells dominantly express Ccr2 and have occasional low expression of Ccr1 and Ccr5. In contrast, eosinophils express Ccr3 at extremely high levels but display only weak transcription of Ccr1. No expression of iCcrs, with the exception of Ccr1, was detectable on T cells (Figure S5B) , although our data indicate that this appears to have no effect on their recruitment. Alveolar macrophages express only very low amounts of Ccr1 and do not express Ccr2. This is in keeping with the fact that alveolar macrophage numbers are unaffected in CCR2-deficient mice.
In contrast to that in resting tissues, we found no evidence of redundancy in myelomonocytic cell recruitment to the air pouch. Our overall conclusion is that Ccr2 is the dominant receptor for myelomonocytic cell recruitment to acutely inflamed sites and that, in its absence, this is profoundly impaired. However, we identified a subpopulation of recruited myelomonocytic cells, which were capable of migrating to the air pouch in a CCR2-independent manner and which appeared to be a dendritic-celllike subpopulation. This population clearly had a dependency on Ccr2 for egress from the bone marrow and potentially for recruitment into inflamed sites. In the absence of CCR2, at least a subset of these cells can also apparently utilize other iCCRs for recruitment to the air pouch. Our analysis of single-receptordeficient mice and use of pharmacological blockers of CCR1 did not demonstrate clear involvement of any individual receptor in the CCR2-independent recruitment, and thus there is potential redundancy in iCCR involvement in recruitment of these cells to the air pouch. Overall, and in combination with the data from eosinophil analysis, there is no evidence of redundancy in receptor involvement in myelomonocytic cell recruitment to acutely inflamed sites. Indeed, our data argue for the overwhelming importance of Ccr2 for both mobilization of monocytic cells from the bone marrow and recruitment to the acutely inflamed air pouch. Despite reports to the contrary in studies using alternative models (Contento et al., 2008; Lionakis et al., 2012; Reichel et al., 2006; Rot et al., 2013; Schaller et al., 2008) , our data provide no evidence for a role for any of the iCCRs in the recruitment of neutrophils or T cell subsets to the air pouch, suggesting that their use might be context dependent.
In conclusion, this comprehensive analysis of iCCR involvement in leukocyte recruitment provides evidence of redundancy in resting cell recruitment to the skin but specificity of receptor use and primacy of Ccr2 in recruitment of myelomonocytic cells to acutely inflamed sites. Our data further suggest that it could be worth examining Ccr2 as a therapeutic target in appropriate acute rather than chronic inflammatory settings.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: qPCR Samples were set up with RT2 SYBR Green ROX Mastermix (Qiagen) and plates run on a Prism 7900HT Fast Real-Time PCR system (Applied Biosystems). Results were analyzed using the Qiagen Analysis Centre (Qiagen) and are shown as % of WT expression, normalized to ActB and TBP.
Air-pouch model of inflammation
The air-pouch model of leukocyte recruitment was utilized as described previously (Colville-Nash and Lawrence, 2003; Edwards et al., 1981) . Sterile air (3ml) was injected subcutaneously into the mouse dorsum every 2 days on 3 occasions. 1 day after the final air injection, 1ml of autoclaved carrageenan (1% (w/v) in PBS, Sigma) was injected into the air-pouch. 48 hours later, mice were culled and blood extracted from the vena cava and prepared for analysis as described above. Air-pouches were flushed with 3ml of buffer (PBS containing 1mM EDTA and 1% (w/v) fetal bovine serum, Sigma) and lavage fluid was collected and incubated on ice until further analysis. The membrane surrounding the air-pouch was then dissected and digested for 1 hour at 37 C with shaking in 1ml of HBSS containing 0.44 W€ unsch units of Liberase (Roche). Liberase was then deactivated by adding 20 mL of FBS and membrane cell suspensions were passed through 70 mm nylon mesh filters and washed. Blood, air-pouch lavage fluid and digested membrane samples were then analyzed for cellular content as described below.
Influenza A virus infection
Mice were briefly anesthetised using inhaled isoflurane and infected with 300 plaque forming units of IAV strain WSN in 20ul of PBS intranasally (i.n.). Mice were euthanised 8 days post-infection and lungs harvested for analysis. IAV was prepared and titered in MDCK cells.
Peritoneal inflammation model
The model of peritoneal inflammation was carried out as described previously (Dyer et al., 2017) . Briefly, 1mg of zymosan in 200 mL PBS was injected into the peritoneum of the relevant mice, 24 hours later the peritoneum was flushed with 5mls of PBS containing 1% EDTA (weight:volume). Cells were washed in FACS buffer and the resulting cell suspensions stained for flow cytometry.
Flow cytometry staining and analysis Cell suspensions were washed into PBS and stained for 20 min at 4 C using fixable viability stain (1:1000 in PBS, eBioscience). Samples were then washed in flow cytometry buffer (PBS containing 1mM EDTA and 1% FBS) and stained for 20 min at 4 C in 100 mL of antibody cocktail containing FcR blocking reagent (antibodies and FC blocking reagent indicated below, diluted 1:100). Cells were then washed again in flow cytometry buffer and fixed in 100 mL fixation buffer (BioLegend) for 20 min. After fixation, samples were analyzed on an LSRII or Fortessa flow cytometer (BD Biosciences) based in the Institute of Infection, Immunity and Inflammation flow cytometry core facility (University of Glasgow). Antibodies used: CD11b, F4/80, CD19 (eBioscience) CD3e, NK1.1, CD64, MHCII, CD11c, Ly6G, Ly6C, CD45, CD103, CD80, SiglecH, CD209a (BioLegend) Siglec-F and CD103 (BD Biosciences). FcR blocking reagent (MACS Miltenyi Biotec).
Flow cytometry data are expressed as % of WT. In brief, for each experiment, individual WT and receptor-deficient mouse leukocyte numbers (as % of Live) were normalized to the median of the WT congenic control values and expressed as a percentage (% of WT). We also compared data expressed in this way with data expressed as 'absolute' cell numbers and, with the exception of the data presented in Figure 6Bii and 6Biii, there were no differences relating to the manner of presentation.
RNA sequence analysis
Cell suspensions from the membrane of the inflamed air-pouch were prepared and stained with antibodies as described above. Live, CD45 RLT buffer using a FACSARIA II cell sorter (BD Biosciences). Total RNA was then isolated using an RNeasy micro kit with DNase treatment (QIAGEN) and stored at À80 C. RNA analysis was undertaken by the Glasgow Polyomics Facility. Briefly, an Illumina TruSeq Stranded mRNA sample preparation kit was used to prepare sequencing libraries from total RNA, which were then sequenced (Illumina NextSeq 500).
Raw sequence reads were trimmed for contaminating sequence adapters and poor quality bases using the Cutadapt program (Martin, 2011) . Bases that had an average Phred score of lower than 15 were trimmed and reads trimmed to less than 54 bases were excluded. Read quality was checked before and after trimming with the Fastqc program (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/).
The reads were ''pseudo aligned'' to the transcriptome using the program Kallisto (Bray et al., 2016) . The differential expression for the analysis groups was assessed using the Bioconductor package DESeq2 (Love et al., 2014) . Heatmaps of the resulting data were generated in R using the heatmap.2 package (https://github.com/cran/gplots).
Statistical analysis
All statistical analysis was carried out using GraphPad Prism and all tests were 2-sided. For normally distributed data, 1-way ANOVA with Tukey's post-test was used and for non-normally distributed data, Kruskal-Wallis analysis with Dunn's post-test was carried out.
Where marked differences in cell numbers were detected within experiments and where standard deviations followed accordingly, data were log-transformed prior to statistical analysis. In all analyses, p = 0.05 was considered the limit for statistical significance. In all figures, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Data are presented as mean ± SEM except for Table S1 which is mean ± SD.
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